ABSTRACT: Relatively high amounts of acrylamide have recently been reported in carbohydrate-rich foods under low moisture conditions. This sparked intensive investigations into acrylamide, encompassing its occurrence, chemistry, and toxicology/potential health risk in the human diet. Robust and efficient analytical methods have been developed to obtain reliable quantitative data. Recent epidemiological studies failed to evidence an association of cancer incidence and dietary acrylamide exposure. The link of acrylamide in foods to Maillard-type reactions and, in particular, to asparagine has been a major step in elucidating feasible chemical formation routes. Decarboxylation of the Schiff base derived from asparagine and a carbonyl reactant plays a key role in acrylamide formation leading to azomethine ylide intermediates, which offer an attractive mechanistic explanation of the acrylamide amounts found experimentally, including the fact that acrylamide is preferentially formed in the presence of fructose, as compared to glucose or a-dicarbonyls. However, the physical state of the reaction system may also affect acrylamide formation by influencing molecular mobility, particularly under low moisture conditions. Current research deals mainly with mitigation studies to reduce acrylamide during food processing and the role of water.
INTRODUCTION
The Swedish National Food Administration and the University of Stockholm jointly announced in April 2002 that certain food products contain relatively high amounts of acrylamide. * Carbohydrate-rich foods such as French fries processed/ cooked at high temperatures and under low moisture conditions were predominantly of concern. No acrylamide was found in raw and boiled foods. These findings have attracted considerable interest worldwide because acrylamide is a known human neurotoxin and has been classified as a group 2A carcinogen ("probably carcinogenic to humans"). 2 Since the announcement in 2002, considerable progress has been made in basic understanding, and several critical aspects of acrylamide research have been addressed, such as methods of analysis, occurrence, formation, chemistry, toxicology, and potential health risk in the human diet. These findings have recently been summarized in review articles. 3 ' 4 This state-of-the-art paper addresses some of the research areas on analysis, safety assessment, and formation mechanisms of acrylamide in food and summarizes the progress made to date by academia and the food industry. Emphasis is given to work published since 2002, with particular focus on acrylamide formation.
ANALYSIS OF ACRYLAMIDE
The development of accurate and sensitive analytical methods is the first challenge to obtain reliable quantitative data of acrylamide in food products. Methods published prior to 2002 did not suffice for the analysis of acrylamide in processed or cooked foods at low levels because of the complexity of food matrices, the lack of selectivity, and the additional degree of analyte certainty required to confirm the presence of acrylamide in a complex food matrix. 5 However, the adherence to stringent method performance criteria is of pivotal importance to ascertain that the data generated is reliable and can be used for intake assessments.
Most of the methods recently published are based on either GC-MS or LC-MS techniques with comparable distribution and performance. 5 Quantification is preferably based on labeled internal standards ([ ]-acrylamide). The advantage of the LC-MS-based methods is that acrylamide can be analyzed without prior derivatization, which considerably simplifies and expedites the analysis. The greatest difference between the analytical methods is in the area of acrylamide extraction and cleanup, which, however, is a crucial step. Online monitoring of acrylamide by proton transfer reaction MS without needing any sample preparation has also been reported. 6 Based on the conclusions of a recent interlaboratory trial, 7 many of the methods did not perform well in "difficult" matrices such as cocoa and coffee. This is mainly due to the high polarity and good water solubility of acrylamide. A fully validated "Adapted from Delatour et a/. 8 method, with adequate performance applicable to complex matrices, has recently been described. 8 The sample pretreatment essentially encompasses (i) protein precipitation with Carrez I and II solutions, (ii) extraction of the analyte into ethyl acetate, and (iii) solid-phase extraction on a Multimode cartridge. This approach provided good performance in terms of linearity, accuracy, and precision. Full validation was conducted in soluble chocolate powder, achieving adequate precision. The method achieves a limit of quantitation at 12.5 Jig/kg in cocoa powder and recovery (expressed as extractability of the analyte during sample pretreatment) of 43-51% over three concentration ranges, 13, 305, and 2504 jig/kg.
Overall, substantial progress has been made in analytical method development for obtaining reliable data on acrylamide concentrations in food. Some values are shown in TABLE 1, indicating a time-dependent stability of acrylamide in various foodstuffs. The most affected products remain carbohydrate-rich foods processed under low moisture conditions at elevated temperatures, which may contain acrylamide in amounts of 20-1000 u.g/kg but in certain cases reach even higher levels. 3 
SAFETY ASSESSMENT
Exposure to acrylamide 1 is known to cause damage to the nervous system in humans and animals via its epoxide metabolite glycidamide 2 (FiG. I). 9 Acrylamide is metabolized to epoxide 2 by the P450 cytochrome monooxygenase CYP2E1. The major route of metabolism is the conjugation of acrylamide and glycidamide to glutathione by Michael-type reactions leading to water-soluble thioethers 3, 4a, and 4b. 3 Acrylamide is also considered a reproductive toxin, with mutagenic and carcinogenic properties in experimental mammalian in in vitro and in vivo systems. 10 Acrylamide and its metabolite 2 form covalent adducts with proteins and DNA in vitro, but only glycidamide adducts were found in vivo. 3 Specific adducts formed with hemoglobin are used as biomarkers of exposure, and a rat feeding study has recently demonstrated in fried animal food a link of acrylamide to such hemoglobin adducts. 11 Previously, low-level human exposure to acrylamide via food was known from food packaging and polyacrylamide-treated drinking water. Higher exposures were documented in occupational settings in the chemical industry. A joint FAO/WHO consultation on the health implications of acrylamide in food has estimated an average daily food intake of acrylamide of the general population in the range of 0.3-0.8 Hg/kg bw/day. 12 Several other studies have reported similar results. For the noncancer endpoint, a no-observed-adverse-effect level (NOAEL) of 0.2 mg/kg/day has been derived for nerve damage (subchronic rat study). Considering an average human daily exposure of up to 0.8 jig/kg bw/day, a margin of at least 250 can be calculated. Therefore, no neurotoxic effects are to be expected from the levels of acrylamide found in food. 13 Since cancer induced by genotoxic compounds is generally considered a nonthreshold effect, no acceptable daily intake has been allocated for acrylamide.
The weight of evidence for the carcinogenicity of acrylamide in humans is based primarily on animal data. In occupational exposure studies of human workers, no significant increase of cancer risk or cancer mortality was observed. Furthermore, two retrospective studies on the association of cancer incidence and dietary acrylamide exposure in Sweden 14 ' 15 and Italy/Switzerland 16 could not provide evidence for an association between high and low dietary acrylamide intake and cancer incidences of various organs. However, data on bioavailability of acrylamide from food in humans are limited. A recent study using a human intestine model (Caco-2 cells) has shown acrylamide to pass the cell monolayer via passive diffusion, but also that acrylamide readily binds to dietary proteins under intestinal and cooking conditions, thus reducing uptake by Caco-2 cells. 17 Because the cancer risk posed by acrylamide cannot reliably be calculated quantitatively to date, the WHO has not recommended a general change in dietary habits, except to advise that foods should be cooked not excessively, but thoroughly to destroy pathogens and that consumers should eat a balanced and varied diet.
FORMATION OF ACRYLAMIDE
Initial results on acrylamide content indicated carbohydrate-rich foods to generate relatively more acrylamide. 1 Several researchers have established that the main pathway of formation of acrylamide in foods is linked to the Maillard reaction and, in particular, the amino acid asparagine. 18 and 3-aminopropionamide 9. 20 Lipid oxidation has been suggested as a minor pathway, with acrylic acid 10 as direct precursor formed via acrolein 11 by oxidative degradation of lipids 12 (FiG. 3, pathway B) . The first critical step is the amino-carbonyl reaction of asparagine 5 and a carbonyl compound 13, preferably cc-hydroxycarbonyls such as reducing sugars, resulting in the corresponding glycoconjugate 6, which under elevated temperatures dehydrates, forming the Schiff base 7 as key intermediate (Fro. 4) . Under low moisture conditions, both compounds 6 and 7 are relatively stable. In aqueous systems, however, the Schiff base may hydrolyze to the precursors or rearrange to the Amadori compound 14 (step I), which is not an efficient precursor in acrylamide formation. 22 Even under low moisture conditions, this reaction is most likely the main pathway initiating the early Maillard reaction cascade that leads to 1-and 3-deoxyosones, which further decompose, generating color and flavor. This is in agreement with the relatively low transformation yield of asparagine to acrylamide, typically below 1 mol%.
Alternatively, intermediate 7 may decarboxylate either directly via the Schiff betaine 7a (step Ha) or the intermediary oxazolidine-5-one 16 to the azomethine ylide 15a (step lib), which after tautomerization (step III) furnishes the decarboxylated Amadori compound 17. 23 Acrylamide may be released by several pathways: (i) directly from 15a; 20 (ii) (i-elimination reaction from the Maillard intermediate 17; 22   -23 and (in) loss of ammonia from 3-aminopropionamide 9 (step IV) 20 formed from the azomethine ylide 15b. Reaction IV has been shown to preferentially proceed under aqueous conditions in the absence of sugars. 24 The role of the ^-elimination step has been substantiated in model reactions using the decarboxylated Amadori compounds 18 and 19 (Fio. 5) . While the formation of styrene 20 from 18 can proceed via a Hofmann-type elimination reaction due to the presence of a (3-proton, compound 19 is not amenable to ^-elimination, but may undergo Strecker-type reactions in the presence of a-dicarbonyls affording benzaldehyde 21. phenylalanine, acrylamide may, by analogy, be formed from the decarboxylated Amadori compound of asparagine. It seems that this pathway can be generalized, suggesting a common mechanism forming vinylogous compounds from the corresponding amino acids. 22 ' 25 Despite the fact that a-dicarbonyls are highly reactive species, they result surprisingly in lower acrylamide amounts compared to oc-hydoxycarbonyls. As shown in TABLE 2, 2-hydroxyaldehydes (e.g., glucose, 2-hydroxy-l-butanal) and 1-hydroxy-2-ketones (e.g., fructose, acetol) generate more acrylamide than a-dicarbonyls (e.g., 2,3-butanedione, methylglyoxal). As indicated in FIGURE 4 (step HI), the prerequisite for the rearrangement of 15a to 17 is the presence of an OH-group in p-position to the N-atom, which can be obtained only with oc-hydoxycarbonyls 13 as proper precursors. On the contrary, a-dicarbonyls result in the azomethine ylide 22 bearing a carbonyl function in [3-position to the Af-atom (FiG. 6) , thus leading by 1,2-prototropic H-shift to imines 23 and 24, which hydrolyze to 9 and 8, respectively. While compound 9 has been shown to release I, 20 the Strecker aldehyde of asparagine 8 is unlikely to form I. 22 Interestingly, fructose generates higher amounts of acrylamide compared to glucose under low moisture conditions. >22~25 This is in agreement with the reaction mechanism shown in FIGURE 4; that is, the corresponding azomethine ylide 15a of fructose can be stabilized by the hydroxymethyl group located in a-position to the W-atom (via a six-member ring H-bond), thus disfavoring isomerization to 15b and promoting rearrangement to the decarboxylated Amadori compound 17. Furthermore, contrary to the Amadori compounds, the Heyns products obtained from ketoses may be amenable, after a decarboxylation step, to reactions n and III due to the presence of an OH-group in p-position to the W-atom. However, higher molecular mobility of the precursors in systems based on fructose may be an alternative expla- nation due to its lower melting point. 26 In general, the physical aspects of the reaction and the role of water are far less studied in the Maillard-driven reaction to acrylamide. The water content may affect both the chemical reaction and the physical state of the reaction system, which is linked to reaction temperature and heat transfer.
Current research deals mainly with the reduction of acrylamide in foods. 27 The fundamental knowledge opens the way to concrete studies on kinetic modeling (formation over temperature/time, the role of water, elimination, competitive reaction kinetics with amino acids and sugars), and identifying the rate-limiting steps under actual food processing conditions. Measures can then be devised to attempt to reduce acrylamide in commercial and domestic food products. So far, most work has been carried out on fried potatoes to understand the critical factors that may control or reduce acrylamide. 28 " 30 Possible avenues of reduction of acrylamide in potato products entail a combination of measures-for example, controlling the storage temperature of the raw potato, variety selection, and modifying processing conditions (time and temperature). In addition, studies with asparaginase on an experimental scale were successful in reducing free asparagine in reconstituted potato products. 20 
CONCLUSIONS
In the last two to three years, substantial progress has been made in several important areas of acrylamide research. Analytical tools have been developed to mea-sure acrylamide in many different types of food. The main precursors and mechanisms of acrylamide formation have been identified, which has contributed to the understanding of acrylamide amounts found in foods and the impact of processing conditions. Occurrence and chemical reactivity of precursors in combination with optimized processing parameters are important factors to minimize acrylamide formation. In fact, in some areas the concentration of acrylamide could be reduced. The ultimate challenge will be to achieve substantial reduction of acrylamide while keeping desirable product attributes such as flavor and color, which are generated by similar Maillard reaction pathways.
The mechanism via azomethine ylides explains to a great extent the tendency in acrylamide formation found experimentally, particularly the role of the carbonyl reactant. However, more research is needed to better understand the role of water and the physical state of the food matrix (amorphous versus crystalline) in acrylamide formation. Therefore, water management may be a key factor in controlling acrylamide levels in food. In general, the Maillard reaction under low moisture conditions needs to be revisited, particularly reaction mechanisms that may, indeed, be different from those known from aqueous systems.
